Our previous studies have demonstrated that interleukin-12p35 knockout (IL-12p35 KO) regulates the progression of various cardiovascular diseases, such as acute cardiac injury and hypertension. The aims of this study were to investigate whether IL-12p35 KO affects aging-related cardiac remodeling and to explore the possible mechanisms. First, the effects of IL-12p35 KO on heart structure and function were detected, and the results showed that IL-12p35 KO exacerbated cardiac remodeling and increased cardiac senescence-related protein levels in aged mice. In addition, whether IL-12p35 KO regulates cardiac senescence-related protein expression, cardiac mitochondrial dysfunction and cardiomyocyte apoptosis was also investigated. IL-12p35 KO increased mitochondrial calcium fluorescence intensity and ROS fluorescence intensity, while it reduced mitochondrial membrane potential. Furthermore, reduced mitochondrial complex (I-IV) activity and ATP levels and increased apoptosis-inducing factor (AIF)-related cardiomyocyte apoptosis were observed in aged IL-12p35 KO mice compared with wild-type mice. Our results demonstrate that aging is aggravated by IL-12p35 KO and that the mechanism may be related to exacerbation of mitochondrial dysfunction and AIF-related cardiomyocyte apoptosis.
INTRODUCTION
Cardiac remodeling is an essential process associated with chronic heart failure, and inhibiting or delaying the development of such remodeling can significantly decrease the occurrence and improve the prognosis of chronic heart failure [1, 2] . The factors involved in cardiac remodeling are extremely complex, but pathological factors, including inflammatory responses, oxidative stress, apoptosis and autophagy, have been proven to be involved in the occurrence and progression of the process [3, 4] . Increasing evidence has demonstrated that aging is also associated with cardiac remodeling [5, 6] .
Interleukins (ILs) are a group of cytokines that perform different functions, several of which have been proven to be closely related to aging. In clinical experiments, the expression levels of both IL-1β and IL-6 have been found to be significantly elevated in aging brains [7] . The levels of both IL-7 and IL-7 receptors gradually decrease with age, and in the aging population, lower 10-year all-cause mortality rates have been observed in individuals with higher IL-7 levels than in those with lower IL-7 levels [8] . In an animal study, overexpression of IL-10 in smooth muscle was found to significantly reduce inflammatory responses, ameliorate insulin resistance and accelerate glucose metabolism in aging mice [9] . In addition, in a mouse model of agingassociated perioperative neurocognitive disorders, administration of IL-17A significantly reduced inflammatory responses, disrupted the blood-brain barrier and improved cognitive function, while the opposite biological effects were observed upon administration of an IL-17A-neutralizing antibody [10] .
IL-12p35 is a common component of IL-12 and IL-35, and IL-12p35 knockout (KO) is closely related to cardiovascular diseases. We and other researchers have found that IL-12p35 KO is involved in a variety of cardiovascular diseases [11] [12] [13] [14] [15] . In an early study, IL-12p35 KO was reported to aggravate angiotensin IIinduced cardiac fibrosis [11] . Furthermore, another study demonstrated that IL-12p35 deficiency improved cardiac repair after myocardial infarction [12] . Our studies found that IL-12p35 deletion aggravated acute cardiac injury in doxorubicin-treated mice and elevated blood pressure in angiotensin II-infused mice [13, 14] . A recent study found that atherosclerosis induced by a high-fat diet could be aggravated by IL-12p35 KO in apolipoprotein KO mice [15] . Considering the important role of IL-12p35 KO in the process of cardiovascular diseases and the close correlation between IL-12p35 KO and aging, we speculated that IL-12p35 KO may be involved in cardiac aging. In the present study, we identified the role of IL-12p35 KO in aging-related cardiac remodeling and attempted to elucidate the possible mechanisms.
RESULTS

IL-12p35 KO exacerbates cardiac dysfunction in aging mice
By the end of the 25th month, 18 aged WT mice had died, and 52 aged IL-12p35 KO mice had died; none of the young WT mice and young IL-12p35 KO mice died. IL-12p35 KO significantly affected cardiac function in aging mice ( Figure 1A ). In addition, old mice exhibited higher LVPWT and IL-12p35 KO did not affect LVPWT in old mice ( Figure 1B ). No differences in IVSD were observed among the 4 groups ( Figure 1C ). Moreover, IL-12p35 KO further increased LVESD while decreasing LVEF and FS in aged mice ( Figure 1D-1F ). 
IL-12p35 KO aggravates aging-related cardiac remodeling
No significant changes in body weight were observed upon IL-12p35 KO (Figure 2A ). However, in IL-12p35 KO mice, the heart was heavier, and the ratio of heart weight to body weight was increased ( Figure 2B and 2C). Cardiomyocyte cross-sectional area and cardiac fibrosis showed trends similar to those of the heart weights or heart weight-to-body weight ratios ( Figure 2D ).
IL-12p35 KO increases the expression of senescencerelated proteins
As shown by Western blotting analysis, p16, p21 and p53 expression was significantly increased by IL-12p35 KO ( Figure 3A ). In contrast, Sirt1 levels were noticeably decreased in aged IL-12p35 KO mice compared with aged WT mice ( Figure 3A ). Immunofluorescence staining also showed that IL-12p35 KO elevated the expression of p53 in aging mice ( Figure  3B ).
IL-12p35 KO increases mitochondrial calcium and ROS fluorescence intensity but decreases mitochondrial membrane potential
As the results of Flow Cytometry analyses, ROS intensity was increased in Old WT mice and further elevated in Old KO mice ( Figure 4A ). As shown by mitochondrial staining, the fluorescence signal intensities of mitochondrial calcium and ROS were significantly elevated in aged WT mice compared to young WT mice and were further increased in aged IL-12p35 KO mice compared to aged WT mice; however, IL-12p35 KO did not affect the mitochondrial calcium or ROS fluorescence signal intensities in young mice ( Figure 4B ). In young WT and young IL-12p35 KO mice, the JC-1 probe mainly produced a red-orange fluorescence signal, and the green signal was barely visible; in contrast, a strong green fluorescence signal was observed in aged WT mice that was further enhanced upon IL-12p35 KO in aged mice ( Figure 4C ).
IL-12p35 KO exacerbates mitochondrial dysfunction in aging mice
Both cardiac 8-OHdg expression and cardiac mitochondrial 8-OHdg levels were measured, and the results showed that senescence-mediated increases in 8-OHdg were further amplified by IL-12p35 KO in both hearts and cardiac mitochondria ( Figure 5A and 5B). Among aging mice, the activity of the cardiac mitochondrial enzyme complexes I, II, III, and IV decreased more rapidly in IL-12p35 KO mice than in WT mice ( Figure 5C ). Similarly, senescence-mediated reductions in ATP levels in cardiac mitochondria were also exacerbated by IL-12p35 KO ( Figure 5D ).
IL-12p35 KO aggravates AIF-related apoptosis in aging mice
Compared with young WT mice, cardiac mitochondrial AIF expression was decreased in aged WT mice and further decreased in aged IL-12p35 KO mice ( Figure  6A ). However, aging mice showed higher AIF expression in cardiomyocyte nuclei, and AIF expression was further increased by IL-12p35 KO ( Figure 6A ). Cle-PARP expression in cardiomyocyte nuclei showed trends similar to those of AIF levels in cardiomyocyte nuclei ( Figure 6A ). The results of immunofluorescence staining also showed that the expression of AIF in cardiomyocyte nuclei was significantly increased in aging IL-12p35 KO mice ( Figure 6B ). IL-12p35 KO also significantly increased apoptosis of cardiomyocytes in aging mice ( Figure 6C ).
DISCUSSION
In this study, we found, for the first time, that aging IL-12p35 KO mice show poorer cardiac function and more severe myocardial remodeling than aging WT mice. In addition, cardiac mitochondrial dysfunction in IL-12p35 KO mice was exacerbated, as demonstrated by increased calcium ion levels, decreased membrane potential levels, decreased enzyme complex activity and significantly reduced ATP synthesis. A number of manifestations of cardiac mitochondrial dysfunction can lead to increased levels of AIF in cardiac nuclei, leading to cardiomyocyte apoptosis. These results suggest that IL-12p35 KO causes cardiac mitochondrial dysfunction, which leads to cardiomyocyte apoptosis and further aggravates cardiac remodeling related to aging.
Cardiac remodeling has been regarded as a typical agerelated disease in recent years [16] . As individuals age, the heart ages gradually in a complex pathological process and can display a range of common physiological manifestations and morphological feature alterations, including structural changes, reduced reserve and large deposits of collagen fibers [17, 18] . In addition, some specific physiological changes have also been found in aging hearts, including increases in the expression of various apoptosis markers [6, 19] . Thus far, seven members of the Sirtuin family have been identified as anti-aging proteins. Among them, Sirt1 has been reported to significantly delay the progression of cardiac aging and to inhibit the deterioration of cardiac dysfunction in aging animals [20] . Therefore, in addition to detecting cardiac structure and function and the protein expression of cardiac aging markers, we also detected sirt1 expression. Our results showed that after IL-12p35 KO, cardiac dysfunction was further deteriorated, cardiac remodeling was more severe, and the expression levels of p16, p21 and p53 were further increased in aging mice, while the expression of sirt1 was further decreased. These results suggest that IL-12p35 KO exacerbates aging-related cardiac remodeling and that these effects may be associated with aggravation of aging. Our research and that of other researchers fully illustrated that the process of aging does not simply move forward with time but is also regulated by a variety of aging-related genes or an imbalance in the expression of anti-aging and pro-aging genes.
Research on mitochondria and age-related diseases has been ongoing for more than 40 years, and data from animal studies and clinical trials suggest that impairment of mitochondrial function can promote the development of a variety of age-related diseases, including cardiac aging [21] [22] [23] . Replication errors caused by mutations in mitochondrial DNA were initially thought to be the most important causes of aging; however, recently, increasing evidence has shown that oxidative stress injury and the resulting high calcium ion levels leading to mitochondrial DNA damage and subsequent declines in membrane potential are the most important fundamental causes [21] [22] [23] [24] . In addition, reductions in abnormal oxidative stress levels in mitochondria can significantly improve mitochondrial damage and dysfunction and inhibit the development of aging [21] [22] [23] [24] . To investigate the mechanism by which IL-12p35 KO aggravates cardiac remodeling, mitochondrial ROS levels, calcium ion levels and membrane potentials were detected. The results showed that ROS expression and calcium ion levels in cardiac mitochondria were significantly increased after IL-12p35 KO in aged mice, and the green signal was further enhanced by JC-1 staining.
These results indicate that further deterioration of mitochondrial dysfunction is one of the important mechanisms by which IL-12p35 KO promotes aging and aggravates cardiac remodeling. Additionally, the worsening of mitochondrial dysfunction may be accompanied by increases in oxidative stress levels, calcium ion concentrations and concomitant decreases in membrane potential. Mitochondrial dysfunction or mitochondrial injury caused by a variety of pathological factors are crucial to the progression of aging. Reducing the pathological factors related to mitochondria or protecting against mitochondrial dysfunction may be beneficial to delaying sunburn or alleviating age-related diseases.
ATP is an unstable high-energy phosphoric acid compound and is also the most direct and important energy substance in organisms. More than 90% of ATP in organisms is produced by the mitochondrial inner membrane. A variety of pathological factors, including enhanced inflammatory responses and oxidative stress injury, can significantly affect ATP production by this membrane, and ATP synthesis abnormalities or reductions can lead to many serious diseases, including fatty liver, abnormal glucose metabolism and Alzheimer's disease [25, 26] . The heart is one of the organs with the highest mitochondrial content, and reduced ATP synthesis due to abnormal mitochondrial function has been found in a variety of heart-related diseases, although abnormal ATP production mediated by mitochondrial dysfunction has not been found to be involved in cardiac aging. In cases in which mitochondrial dysfunction was confirmed in aging hearts, we further examined the production of mitochondrial ATP. We found that mitochondrial ATP synthesis decreased in aging hearts and further decreased after IL-12p35 KO. These results suggest that IL-12 KO aggravates myocardial remodeling and may be associated with reduced ATP production by mitochondria in aging hearts. Because redox reactions mediated by mitochondrial enzyme complexes, also known as mitochondrial oxidative respiratory chains, are essential for ATP production, we also examined the activity of mitochondrial enzyme complexes I, II, III and IV, and the results showed that IL-12p35 KO further inhibited the activity of these complexes in aging mice. These results further support our conclusion that a further reduction in ATP synthesis caused by aggravation of mitochondrial dysfunction may be an important reason for the exacerbation of myocardial remodeling and cardiac dysfunction caused by IL-12p35 KO. Our study is the first to show that energy failure induced by mitochondrial dysfunction is involved in the aging process, which is regulated by IL-12p35 KO. These results further illustrate the complexity of the aging process, which is not caused by any one factor but is a common result of multiple pathological factors or injuries.
AIF is the first factor that can induce caspaseindependent apoptosis and exists in the mitochondrial inner membrane [27] . During the development of apoptosis, AIF translocates from mitochondria to the cytoplasm and then into the nucleus, and increased AIF in the nucleus has been shown to increase cardiomyocyte apoptosis in aging hearts [19] . Our results suggest that IL-12p35 KO promotes mitochondrial AIF translocation to the nucleus. In contrast to AIF, PARP is mainly a DNA repair enzyme existing in the nucleus, and activated PARP can prevent DNA damage and inhibit apoptosis [28] . In a recent study, expression of activated PARP was also observed to increase in aging brain tissue, which was consistent with our results and closely related to both DNA damage and apoptosis of brain cells [29] . Moreover, activated PARP, which is an anti-apoptotic protein, is increased in aging heart and brain. One possible reason is that elevated cleaved PARP1 positive feedback can protect against aging-related heart and brain injury. In TUNEL staining, the trends in the numbers of positive cells were similar to the trends in AIF expression in nuclei; these findings could further suggest that IL-12p35 KO aggravates AIF-related cardiomyocyte apoptosis, which may be the mechanism underlying the exacerbation of cardiac remodeling. The essence of organ damage and dysfunction caused by aging may be that the role of injury factors exceeds that of protective factors in aging, leading to excessive apoptosis of tissue and organ cells.
Collectively, our findings suggest that IL-12p35 KO in mice aggravates aging-associated cardiac structural changes and functional impairment. Our data suggest that the injury-aggravating role of IL-12p35 deficiency in cardiac aging is attributable to the up-regulation of aging-associated caspase-independent cardiac apoptosis and therefore to the worsening of cardiac dysfunction. The results of this study may be especially important given the inevitability of aging.
MATERIALS AND METHODS
Experimental animals
Both wild-type (WT) and IL-12p35 KO mice bred on a C57BL/6 background were purchased from Jackson Laboratories. All mice were housed in a pathogen-free mouse room at Renmin Hospital of Wuhan University and fed a normal diet. Subsets of the WT mice (n=38) and IL-12p35 KO mice (n=72) aged 25 months were considered aged mice, while mice aged 3-5 months were used as controls (n=20 for each of these two groups). The study was approved by the ethics committee of Renmin Hospital of Wuhan University.
Examination of cardiac structure and function
After the mice were anesthetized, cardiac ultrasound was performed by the laboratory technicians to examine the structure and function of the left ventricle (LV). The left ventricular posterior wall thickness (LVPWT), enddiastolic interventricular septal thickness (IVSD), left ventricular end-systolic diameter (LVESD), left ventricular end-diastolic diameter (LVEDD) and left ventricular ejection fraction (LVEF) data were recorded and analyzed. Fractional shortening (FS) was calculated according to the methods in previous reports.
Histological analysis of the heart
After isolation, the hearts were fixed, dehydrated and sectioned. Wheat germ agglutinin (WGA) staining was performed to detect the cardiomyocyte cross-sectional area, and more than 100 cells were counted in each group. Masson staining was used to determine the cardiac fibrotic area. In addition, an anti-p53 antibody (GeneTex), an anti-8-hydroxy-2'-deoxyguanosine (8-OHdg) antibody (Santa Cruz) and an anti-apoptosisinducing factor (AIF, GeneTex) antibody were used to detect cardiac p53, 8-OHdg and AIF expression, respectively. Finally, apoptotic cardiomyocytes were detected using a terminal deoxynucleotidyl transferasemediated dUTP nick end labeling (TUNEL) kit (Sigma).
Flow cytometry analyses
The separated fresh left ventricular tissue was immediately cut into small pieces and digested into individual cardiac cells. After centrifugation, the cells were obtained and implanted on the 6-well plates, and cardiomyocytes were obtained after the fibroblasts were removed by differential adherent method. Cardiomyocytes were collected and incubated with 0.5μM MitoSOX in dark for 30 minutes as previous study [30] , and the ROS intensity was detected on the Flow Cytometer.
Separation of mitochondria and nuclei
Mitochondria were isolated using a mitochondrial isolation kit according to the manufacturer's instructions (Cayman). Briefly, mitochondrial separation solution was added to fresh LV tissue, after which the tissue was centrifuged at 700 × g for 10 minutes. The supernatant was then collected and centrifuged at 6000 × g for 10 minutes. The supernatant was discarded, and the pellet was collected after washing twice to obtain the purified mitochondria.
The nuclei were obtained from LV tissue using a nuclear separation kit (Njjcbio). First, the remaining fresh LV tissue was lysed with the kit-provided lysis buffer, and the tissue homogenate was collected and centrifuged at 1000 × g for 10 minutes. The collected pellet contained the nuclei. Nuclei with high purity were obtained by washing the pellet twice with the kit washing solution.
Detection of calcium ion levels, ROS levels and membrane potential in mitochondria
A portion of the purified mitochondria was resuspended using mitochondrial preservation solution. A Rhod-2 AM probe, a MitoSOX Red Mitochondrial Superoxide Indicator probe and a JC-1 probe (all from Cayman) were separately incubated with mitochondria in the dark for 30 minutes. After washing 3 times, the mitochondria were resuspended in 30 μl of mitochondrial preservation solution and smeared on slides before being detected by fluorescence microscopy.
Detection of protein expression levels
Mitochondria and nuclei purified as described above as well as LV tissue were treated with RIPA lysis buffer for total protein separation. The protein from the different sources was quantified, and p16, p21, p53, and sirt1 expression in LV tissue; AIF and COX IV expression in mitochondria; and AIF, cleaved-PARP (Cle-PARP) and PCNA expression in nuclei were measured using Western blotting analysis as described in our previous studies [13, 14, 31] .
Detection of 8-OHdg levels, enzyme complex I-IV activation and ATP levels in mitochondria
The activity of mitochondrial enzyme complexes I-IV was measured according to the instructions provided by the kit manufacturer. Optical density (OD) values were read at appropriate wavelengths every 90 seconds to enable calculation of dynamic changes in the activity of each mitochondrial enzyme. The 8-OHdg levels and ATP levels in mitochondrial homogenates were detected based on the protocol, but the results are expressed as the ratios of the 8-OHdg and ATP levels to the total mitochondrial protein concentration.
Data analysis
All data in this study are expressed as the mean ± standard deviation. There were more than three groups for all the data in this study; therefore, analysis of variance (ANOVA) followed by Tukey's post hoc multiple comparisons test was performed to calculate differences in means among different groups. The null hypothesis was rejected when p < 0.05.
